We investigated the activity of ITF2357, a novel histone deacetylase inhibitor (HDACi) with antitumor activity, on cells carrying the JAK2 V617F mutation obtained from polycythemia vera (PV) and essential thrombocythemia (ET) patients as well as the HEL cell line. The clonogenic activity of JAK2 V617F mutated cells was inhibited by low concentrations of ITF2357 (IC 50 0.001-0.01 lM), 100-to 250-fold lower than required to inhibit growth of normal or tumor cells lacking this mutation. Under these conditions, ITF2357 allowed a seven fold increase in the outgrowth of unmutated over mutated colonies. By western blotting we showed that in HEL cells, ITF2357 led to the disappearance of total and phosphorylated JAK2 V617F as well as pSTAT5 and pSTAT3, but it did not affect the wild-type JAK2 or STAT proteins in the control K562 cell line. By real-time PCR, we showed that, upon exposure to ITF2357, JAK2
Introduction
Polycythemia vera (PV), essential thrombocythemia (ET) as well as primary myelofibrosis (PMF) represent a distinct group of chronic myeloproliferative disorders (CMPDs), which are characterized by clonal proliferation of multipotent hematopoietic stem cells leading to thrombocytosis, leukocytosis, erythrocytosis and bone marrow fibrosis. 1 Recently, somatic mutations within the Janus kinase 2 (JAK2) gene have been shown to occur in more than 95% of PV and 50% of ET and PMF. [2] [3] [4] [5] Most often the mutation occurs in the pseudokinase domain JH2 (JAK2 V617F ), but other mutations have been identified within exon 12 of the JAK2 gene that may also lead to a constitutive activation of the tyrosine kinase activity and its signaling. 6 Indeed, the JAK2 V617F somatic mutation induces a deregulation and a gain of function of the JAK2 kinase, which leads to an abnormal cytokine response of hematopoietic progenitors, 7 a subsequent increased production of blood cells and a constitutive functional activation of granulocytes and platelets. [8] [9] [10] On the basis of these data, mutations of the JAK2 gene are now considered key pathogenetic events for this group of diseases and, not surprisingly, much effort is now paid to identify drugs that may be able to interfere either with the mutated or even the normal JAK2 alleles. [11] [12] [13] One potentially interesting drug family is represented by the histone deacetylase inhibitors (HDACi), since the expression of many genes is ultimately regulated by processes of acetylation and deacetylation of nucleosomal histones that cause an alteration of chromatin structure and finally transcriptional effects. [14] [15] [16] HDACi play a crucial role in the control of cell cycle progression and programmed cell death, so that they are currently investigated as a potential new family of anticancer agents both in hematologic and solid cancers. 17 Several classes of HDACi have been identified, in particular the hydroxamate family, such as suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA), which inhibit class I and class II HDACs. 18 We recently described a new synthetic HDAC class I inhibitor (ITF2357), with a potent anti-proliferative and pro-apoptotic activity against cells from hepatocellular carcinoma, acute myelogenous leukemia (AML) and multiple myeloma (MM). 19 Despite its significant in vitro and in vivo antitumor activity, ITF2357 shows little toxicity against normal cells such as mesenchymal stem cells, hepatocytes and peripheral blood mononuclear cells (MNCs), and thrombocytopenia and gastrointestinal toxicity represent the most common side effects after its use in most patients. 20, 21 These observations prompted us to investigate the inhibitory effect of ITF2357 on the autonomous proliferation of cells obtained by PV and ET patients carrying the JAK2 V617F mutation and to elucidate the mechanism of action of this inhibition.
Materials and methods

Patients
Patients with PV carrying a heterozygous JAK2 V617F (n ¼ 15), homozygous JAK2 V617F (n ¼ 9) or with a wild-type JAK2 (n ¼ 3), idiopathic erythrocytosis (IE) (n ¼ 6, all with a wild-type JAK2) and ET with a heterozygous JAK2 V617F mutation (n ¼ 7) or a wild-type JAK2 (n ¼ 5) were selected among those regularly followed up in our outpatient clinic. Healthy volunteers were selected among donors referred to our institutional blood bank for blood donation (n ¼ 6). The diagnosis of PV and ET was made according to the World Health Organization (WHO) criteria. 22 Patients gave their informed consent to perform experiments on their blood cells. Experiments were conducted according to good laboratory practice rules and upon approval of the Institutional Review Board and the Ethical Committee.
Cell lines
The erythroleukemia cell line HEL, the chronic myeloid leukemia (CML) cell line K562 and AML cell lines KG1 (M1), NB4 (M3) and GF-D8 (M1) were grown in RPMI1640 medium (Cambrex Bio Science, Verviers, Belgium), supplemented with 10% fetal calf serum (Euroclone, Wetherby, West Yorkshire, UK), 2 mM glutamine (Euroclone) and 110 mM gentamycin (PHT Pharma, Milano, Italy). The presence of the homozygous mutation of JAK2 V617F in HEL, but not in the other cell lines, was verified by PCR as described below.
Drug
ITF2357 (Italfarmaco, Milano, Italy; patent WO 97/43251, US 6034096) was synthesized by Italfarmaco, and its purity was confirmed by high performance liquid chromatography. 21 The compound was dissolved in DMSO (CryoSure-DMSO; Wak Chemie Medical GmbH, Steinbach, Germany) to the final concentration of 20 mM and stored frozen at À80 1C.
Endogenous erythroid colony assays
Peripheral blood MNCs were isolated by Ficoll Hypaque density gradient centrifugation followed by two washes with cold saline supplemented with 0.5% albumin. Endogenous erythroid colony (EEC) assay was performed by plating 7.5 Â 10 4 cells in warm HSC-CFU methylcellulose basic media (Miltenyi Biotech, Bergisch, Gladbach, Germany) in the presence or absence of a growth factor cocktail containing SCF (50 ng ml ) and erythropoietin (3 U ml À1 ) (Miltenyi Biotech), and in the presence of increasing concentrations of ITF2357 (ranging from 0.001 up to 0.5 mM). Cells were incubated for 14 days at 37 1C in a humidified atmosphere of 5% CO 2 in air, and colonies were counted using an inverted microscope as described. 23 In the case of cell lines, clonogenic assay was performed under the same condition as MNCs from patients in the absence of growth factors, except that 5000 cells were plated per dish.
Molecular evaluation of JAK2
V617F mutation by singlecolony PCR analysis After 14 days in vitro growth in the presence of growth factors, single colonies were picked separately, mixed with 10 ml water and PCR was performed in 50 ml volumes according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). The JAK2 V617F mutation in each colony was determined by allele-specific PCR using a common reverse primer JAK2 R (5 0 -CTGAATAGTCCTACAGTGTTTTCAGTTTCA-3 0 ) at 50 mM and two forward primers at 25 mM, namely JAK2 F Mut (5 0 -AGCATTTGGTTTTAAATTATGGAGTATATT-3 0 ), specific for the mutant allele, and JAK2 F WT (5 0 -ATCTATAGTCATGCTGA AAGTAGGAGAAAG-3 0 ), which amplifies the wild-type allele. PCR was performed at an annealing temperature of 59 1C for 35 cycles. Amplification resulted in a 203-bp product for the mutant allele and a 364-bp product for both mutant and wild-type alleles. 2 
Cytotoxicity assay
Cell death mediated by ITF2357 was evaluated by using 7-aminoactinomycin D (7-AAD) staining (Via-Probe; BD Bioscience-Pharmingen, San Diego, CA, USA) and flow cytometry. 24 Briefly the HEL, GF-D8, K562, KG-1 and NB-4 cell lines were plated at 10 5 cells per well in 24-well plates in RPMI with 10% of fetal calf serum and treated with different doses of ITF2357 (0.001-0.5 mM). After 24, 48 and 72 h, cells were harvested, washed and resuspended in 500 ml phosphatebuffered saline. A 15-ml portion of 7-AAD was added and fluorescence was evaluated on a minimum of 7000 events using a FACSCalibur Flow Cytometer and CellQuest software (Becton Dickinson, San Jose, CA, USA).
Western blotting
For western blotting, cells were plated at 0.3 Â 10 6 ml À1 in the presence or absence of different concentrations of ITF2357. At different time points, cells were collected and lysed in SDS loading buffer. SDS-polyacrylamide gel electrophoresis and western blotting were performed according to the standard procedures using total cellular extracts. Antibodies specific for JAK1, JAK2, JAK3, STAT3, STAT5, erythropoietin receptor (EPO-R) and b-actin were from Santa Cruz (Heidelberg, Germany); antibodies against phosphorylated JAK1 (Tyr1022/ 1023), JAK2 (Tyr1007/1008), JAK3 (Tyr980), STAT5 (Tyr694) and STAT3 (Tyr705) were from Cell Signaling Technology (Danvers, MA, USA). Detection was performed using horseradish peroxidase-labeled secondary antibodies (Santa Cruz) and chemiluminescence using SuperSignal West Pico Chemiluminescent Substrate (Pierce Technologies, Rockford, IL, USA).
Real-time quantitative PCR of PRV-1 and JAK2 genes
Peripheral blood samples were obtained from PV patients with JAK2 V617F mutation (n ¼ 3) and healthy volunteers (n ¼ 3) in heparin-containing tubes after informed consent. ITF2357 was added to whole blood samples and incubated for 24 h at 37 1C. For the PRV-1 and JAK2 gene quantification, whole blood granulocytes were separated using HetaSept gradient sedimentation (StemCell Technologies Inc., Vancouver, BC, Canada) followed by a Ficoll Hypaque density gradient centrifugation. Total granulocyte RNA was obtained using the RNeasy Kit (QIAGEN GmbH, Hilden, Germany) according to the manufacturer's recommendations. The cDNA reaction was performed in a total volume of 20 ml containing 1 mg of total RNA as previously described. 25 Using the PRV-1 gene sequence 26 and the Primer Express software program (Applied Biosystems), a forward primer (5 0 -CCCTGATCTCCTACACCTTCGT-3 0 ), reverse primer (5 0 -TCA AGGATCCTGGGTCTGCT-3 0 ), as well as a probe (5 0 -CAGGAG GACTTCTGCAAC-3 0 ) for PRV-1 cDNA amplification were designed. The TaqMan probe carried a 5 0 FAM reporter label and a 3 0 MGB quencher group (synthesized by Applied Biosystems). The JAK2 gene was amplified using primers JAK2-F (5 0 -CACAGGGATCTGGCAACGA-3 0 ) and JAK2-R (5 0 -TTGTG GCAAGACTTTGGTTAACC-3 0 ) and a specific FAM-TAMRA probe (5 0 -TCCAATTTTAACTCTGTTCTCGTTCTCCACCA-3 0 ), as described by Levine et al. 4 As control gene, the b-glucuronidase (GUS) cDNA was amplified in parallel. 27 Real-time quantitative PCR was performed on a 7700 ABI platform (Applied Biosystems) using the TaqMan Universal Master Mix purchased from the same manufacturer. The amplification was performed in a final volume of 25 ml containing 5 ml of final cDNA (100 ng RNA equivalent), 300 nM of each primer, 200 nM probe and 12.5 ml (1 Â ) Master Mix (Applied Biosystems). The samples were incubated for 2 min at 50 1C, for 10 min at 95 1C followed by 50 cycles of 95 1C for 15 s and 60 1C for 1 min.
Fold change in JAK2 and PRV-1 gene expression induced by ITF2357 was estimated according to the standard formula: 2
ÀðDCt test geneÀDCt control geneÞ , where DC t is the difference between mean cycles for PRV-1 or JAK2 genes and mean cycles for GUS gene in the same sample.
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Statistical analyses
Different dose-response curves were analyzed using the multivariate analysis of variance repeat test measure. Differences in colonies bearing mutated or wild-type JAK2 were subjected to analysis of variance nonparametric statistical analysis.
Results
Cells bearing JAK2
V617F are more sensitive to ITF2357 in colony and cytotoxicity assays than those with wild-type JAK2
Since ITF2357 has been shown previously to inhibit colony formation by MM and AML cell lines, we investigated the effect of ITF2357 on colony formation by the HEL cell line bearing the JAK2 V617F homozygous mutation. As control, we also tested the same drug on K562 and three AML cell lines. All cell lines were verified for the presence or absence of JAK2 V617F by PCR. The results confirmed the JAK2 V617F homozygous mutation in HEL and wild-type JAK2 in all the other cell lines (data not shown). As shown in Figure 1a , ITF2357 inhibited colony formation of HEL cells with an IC 50 of B0.001 mM. In contrast, the doses of drug required to block colony formation by the other cell lines were 100-to 500-fold higher (IC 50 ranging from 0.1 to 0.5 mM). This difference was statistically significant (Po0.0001) and reproducibly observed in independent experiments, suggesting a high sensitivity of HEL cells to ITF2357 in vitro.
ITF2357 has been shown previously to induce apoptosis of MM and AML cells with an IC 50 of 0.2-0.3 mM. 19 We therefore analyzed the cytotoxic effect of ITF2357 on the HEL and other cell lines in liquid culture. As shown in Figure 1b , ITF2357 was cytotoxic for all cell lines analyzed, but HEL cells were most sensitive, with an IC 50 of B0.1 mM compared to the other cell lines showing an IC 50 ranging from 0.25 to 41 mM (Po0.0001). The GF-D8 cell line was the most resistant, in agreement with our previously published data. 19 We conclude that the HEL cells that carry the JAK2 V617F mutation are sensitive to at least 100-fold lower ITF2357 concentrations in colony assays, compared to CML and AML cell lines bearing wild-type JAK2. Although less dramatically, HEL cells are also more sensitive to ITF2357 in cytotoxicity assays.
To investigate whether freshly isolated cells from patients with CMPDs bearing the JAK2 V617F mutation were also highly sensitive to low doses of ITF2357, we performed clonogenic assays using peripheral blood MNCs from 15 such patients. The colony assays were initially performed in the absence of growth factors (EEC assay), since these cells are known to form spontaneous colonies under these conditions. Indeed we confirmed that, in the absence of exogenous cytokines, cells from CMPD patients who carried the JAK2 V617F mutation (n ¼ 11) were able to form spontaneous EEC colonies, whereas cells from other 11 patients bearing wild-type JAK2 did not (data not shown). We then tested the effect of ITF2357 on EEC colony formation by MNCs isolated from 15 JAK2 V617F patients (six homozygous PV, two heterozygous PV, seven heterozygous ET patients). As shown in Figure 2a , the colonies formed by JAK2 V617F progenitor cells were strongly inhibited at low doses of ITF2357 (IC 50 0.001 mM). The effect of ITF2357 was not significantly different between the group of the six homozygous and that of nine heterozygous patients (data not shown).
To be able to directly compare the effect of ITF2357 on cells bearing either wild-type JAK2 or mutated JAK2 V617F , we performed further colony assays, but in the presence of growth factors including GM-CSF, G-CSF, Epo, SCF, IL-3 and IL-6, since only under these conditions can cells bearing wild-type JAK2 generate a significant number of colonies. Cells from six PV patients bearing JAK2 V617F (five homozygous and one heterozygous) were therefore compared to those obtained from three CMPD patients (two ET and one PV) expressing the wild-type protein and three normal donors. As shown in Figure 2b , ITF2357 inhibited colony formation of JAK2 V617F -positive cells with an IC 50 of 0.001 mM. In contrast, the IC 50 for CMPD cells bearing unmutated JAK2 or for normal donors was 0.1-0.3 mM (Figure 2b) . The difference in the response of cells bearing mutated compared to all unmutated JAK2 was statistically significant (P ¼ 0.0017). Also, when comparing the six CMPD patients bearing JAK2
V617F to those with wild-type JAK2 (n ¼ 3), the difference in response to 0.001 and 0.1 mM ITF2357 (the IC 50 for JAK2
V617F and wild-type JAK2 cells) was statistically significant (Po0.0001 and P ¼ 0.0053, respectively). In contrast, there was no significant difference between the response of normal donor and CMPD patient bearing wild-type JAK2. These data demonstrate that cells from patients bearing JAK2
V617F are B100-fold more sensitive to ITF2357 in colony assays compared to cells carrying unmutated JAK2. Furthermore, they suggest that JAK2 V617F mutated cells respond similarly to ITF2357 both in the presence and absence of growth factors. Figure 2d convincingly demonstrate that the response to ITF2357 is identical in both conditions.
We conclude that JAK2 V617F progenitor cells, either cell lines or freshly isolated samples, are sensitive to 100-to 200-fold lower doses of ITF2357 in colony assays compared to unmutated progenitors.
Low doses of ITF2357 allow the outgrowth of normal over mutated colonies ITF2357 specifically downmodulates JAK2 V617F protein and its target pSTAT5 and pSTAT3
We next investigated the possible mechanism by which JAK2 V617F -bearing cells may be more sensitive to the HDACi ITF2357 than cells bearing wild-type JAK2. For this purpose, we treated either the HEL (JAK2 V617F ) or K562 cell lines (wild-type JAK2) with increasing doses of ITF2357 (0.01-0.25 mM) and prepared whole-cell extracts at different time points. Cellular proteins were then analyzed by western blots with antibodies specific for phosphorylated and total JAK2 protein. As shown in Figure 4a , ITF2357 induced complete disappearance of phosphorylated JAK2
V617F at 24 h in the HEL cell line at 0.25 mM. In contrast, wild-type JAK2 in the K562 cell line was unaffected by (Figure 4b ). Analysis of JAK2 total protein revealed that also total JAK2 V617F was dramatically downmodulated by ITF2357 at the same doses, whereas unmutated JAK2 in K562 cells was unaffected by this treatment (Figures 4a and b) . Similarly, ITF2357 did not modify wild-type JAK2 expression in two AML cell lines tested, KG1 and NB4 (data not shown). The effect in HEL cells was not due to uneven loading of the gel, as shown by probing for b-actin protein ( Figure 4) . Downmodulation of phosphorylated JAK2 V617F should lead to inhibition of its direct targets, that is, phosphorylated STAT5 and STAT3 (pSTAT5 and pSTAT3). This was indeed found to be the case. Phosphorylated STAT5 and STAT3 were completely inhibited by ITF2357, with the same dose-response curves as JAK2 V617F (Figure 4a) . Again, no such inhibition of phosphorylated STAT5 or STAT3 was observed in the control K562 cell line (Figure 4b ). Probing for total STAT5 protein revealed a 55% reduction in protein expression in HEL cells, but not in K562, at the highest dose of ITF2357 (Figure 4) . Total STAT3, in contrast, was not significantly modified by ITF2357 in either cell line. Finally, since HEL cells are known to express the EPO-R, which may be involved in the stabilization of JAK2, we also analyzed EPO-R expression after ITF2357 treatment. As shown in Figure 4 , EPO-R was not significantly modulated by 0.25 mM ITF2357 at 24 h in either HEL or K562. Finally, we investigated the effect of ITF2357 on JAK1 and JAK3 expression. We did not detect any phosphorylated or total JAK3 nor phosphorylated JAK1 proteins in HEL cells, before or after ITF2357 treatment. In contrast, we detected a relatively weak band corresponding in molecular weight to total JAK1 protein and this band was not modified by treatment with 0.25 mM ITF2357 for 24 h, unlike total or phosphorylated JAK2 (data not shown).
Altogether, these data demonstrate that ITF2357 strongly and specifically downmodulates total and phosphorylated JAK2 V617F but not wild-type JAK2 or JAK1. This is accompanied by strong inhibition of STAT5 and STAT3 phosphorylation in the sensitive cell line.
ITF2357 inhibits PRV-1 but not JAK2 gene expression
Downmodulation of JAK2
V617F could take place either at the transcriptional or post-transcriptional level. We therefore analyzed expression of JAK2 gene in HEL cells after treatment with ITF2357 by real-time quantitative PCR. JAK2 mRNA was not significantly modified by the drug at the same doses and times as those inducing downmodulation of the protein. Indeed, the observed fold change of gene expression with 0.25 mM ITF2357 was calculated to be 1.2 (data not shown). We also investigated gene expression using peripheral blood from three JAK2 V617F PV patients (two homozygous and one heterozygous) and three normal donors. Whole blood from patients and donors was treated with increasing doses of ITF2357 for 24 h, after which the granulocyte fraction was isolated and total RNA extracted. Expression of JAK2 mRNA was analyzed by real-time PCR and normalized using the GUS gene. As expected from the experiment with the HEL cell line, ITF2357 did not significantly modify JAK2 mRNA expression in the PV patients or normal donors, with calculated fold change with 0.25 mM of 1.35 and 1.71, respectively. An example of the results of JAK2 analysis is shown in Figure 5a .
We then analyzed in the same samples the expression of a direct gene target of JAK2, PRV-1. 29 As expected, the baseline PRV-1 gene expression was lower in untreated normal cells compared to untreated JAK2 V617F cells (compare Figures 5b and  c) . 23, 30 Furthermore, the PRV-1 gene was significantly downmodulated by 0.01-0.25 mM ITF2357 at 24 h in JAK2 V617F cells (Figures 5b and d) , whereas it was not modified in the normal donors (Figures 5c and d) . Indeed, the calculated decrease of PRV1 gene in the three JAK2 V617F samples after normalization for the housekeeping gene was 12-to 65-fold in the presence of 0.25 mM ITF2357 (mean 32-fold), whereas there was no significant effect for the three normal donors (Figure 5d ). PRV-1 The HDAC inhibitor ITF2357 downmodulates JAK2 V617F V Guerini et al gene expression was also analyzed in the HEL cell line after treatment with ITF2357. Untreated HEL cells did not, however, show detectable PRV-1 gene expression and therefore could not be further used for these analyses (data not shown).
We conclude that ITF2357 specifically and dramatically downmodulates expression of the JAK2 gene target PRV-1 gene in granulocytes from patients bearing JAK2 V617F but not from normal donors. In contrast, ITF2357 does not modulate JAK2 gene expression in the same samples.
Discussion
In this report, we show that cells obtained from PV or ET patients carrying the JAK2 V617F mutation are sensitive in colony assays to a 100-to 500-fold lower dose of ITF2357 as compared to cells bearing unmutated JAK2. We also provide evidence that ITF2357 promotes the outgrowth of normal colonies over that of JAK2 V617F mutated cells in vitro. We demonstrate that this new HDACi induces downmodulation of the JAK2 V617F in HEL cells but not JAK2 wild-type protein in three different cell lines. Finally, we show that JAK2 V617F inhibition takes place at the post-transcriptional level and is followed by downmodulation of the phosphorylated STAT5 and STAT3 proteins and of PRV-1 gene expression.
ITF2357 is a novel HDACi with a dual antileukemic activity, since in vitro, it rapidly induces direct apoptosis of neoplastic cells, as well as inhibits the production of several cytokines such as IL-1, TNF-a, IL-6 and VEGF, which may be involved in sustaining the neoplastic cell proliferation through autocrine and paracrine secretion pathways. 19 In this report, we demonstrate a selective effect of low doses of ITF2357 on JAK2 V617F mutated cells and show that the mechanism of this selective effect involves specific downmodulation of the total and phosphorylated JAK2 V617F protein.
Although at the present time, the mechanism by which ITF2357 may preferentially act on mutated JAK2
V617F remains unclear, it does not seem to be related to the presence of activated JAK2 protein. Indeed, HEL cells treated with ITF2357 showed a marked decrease in total and phosphorylated JAK2 V617F , whereas K562 cells did not show such a decrease even though they also express high levels of phosphorylated and therefore activated wild-type JAK2, possibly related to the presence of BCR-ABL. 31, 32 These data therefore suggest an effect of the drug on the mutated protein itself rather than on its activation state.
The effect of ITF2357 on JAK2 V617F takes place at the protein level, since this drug has no effect on JAK2 mRNA expression at the same doses in either the HEL cell line or cells obtained from PV patients. Among others, one possible explanation is that JAK2 V617F may be more sensitive to protease degradation by the HSP90-proteasome pathway compared to wild-type JAK2. Indeed, ITF2357 is known to inhibit HDAC6, 19, 33 the enzyme that regulates HSP90 acetylation [34] [35] [36] and JAK1/2 have recently been shown to be client proteins of HSP90. 37 Another possibility, given that HDACi have been demonstrated to hyperacetylate a number of proteins other than histones, The HDAC inhibitor ITF2357 downmodulates JAK2 V617F V Guerini et al including tubulin, p53 and BCL-6, 38, 39 is that ITF2357 may induce hyperacetylation of JAK2 itself or of another protein involved in its stabilization, such as SOCS1. 8, 40 All these different hypotheses are currently under investigation and are beyond the scope of this report. Interestingly, the effect of ITF2357 on colony growth is similar to that observed using the EGFR inhibitor Erlotinib, which also allowed preferential growth of JAK2
V617F -negative cells in colony assays. 12 This observation is a confirmation of the observed and unexpected specific effect of the HDACi on mutated JAK2.
In further support of a specific effect of this HDACi on JAK2 V617F protein was the observation that STAT5 and STAT3, both of which are targets of JAK2, 8 also showed strongly reduced phosphorylation upon exposure to ITF2357, with a similar kinetics to that of JAK2 V617F . As for JAK2, this effect on pSTAT5 and pSTAT3 was not observed in the control K562 cell line. Also, total STAT5, but not STAT3, was somewhat decreased by the HDACi, although less dramatically than phosphorylation. The reason was that this latter event is not clear at present but may be similar to the effect of the HDACi on total JAK2 protein discussed above. STAT5 and STAT3 phosphorylation is observed in response to several JAK2 activators such as EPO and G-CSF, and hyperphosphorylation of these proteins has been observed previously in cells bearing mutated JAK2
V617F . [41] [42] [43] Furthermore, a recently described JAK2 inhibitor was shown to inhibit phosphorylation of JAK2 V617F , STAT5 and STAT3, suggesting that STAT5 and STAT3 are direct targets of JAK2 V617F . 44 We were unable to measure JAK2 protein by western blot from patients' samples, but could measure PRV-1 gene expression, a gene known to be a target of JAK2-STAT activation in neutrophils. 5, 45 The finding that the PRV-1 gene was significantly downmodulated by ITF2357 in JAK2 V617F patients, but not in normal donors, adds further evidence that the drug inhibits JAK2 V617F -mediated signaling. In this context, it is intriguing that the effect of ITF2357 on the JAK2 V617F and STAT proteins in western blot was observed at relatively high doses of ITF2357 (0.25 mM), higher than those required to inhibit colony assays (IC 50 0.001 mM). The reason for this difference is not clear at present, but may be related to the different time course of these assays, protein expression being observed after 24 h exposure to the drug, and colony assays after 14 days.
Nonetheless, the data presented suggest that a therapeutic window may be found in which neoplastic colonies bearing the JAK2 V617F mutation could be suppressed while sparing and perhaps favoring the outgrowth of normal progenitor cells, delineating a targeted therapy in the absence of bone marrow toxicity.
Altogether, our results strongly support the possibility that ITF2357 could be an interesting drug for patients with PV and ET for at least three major reasons. First, up to now, ITF2357 is being studied in normal volunteers or patients with chronic inflammatory conditions such as Crohn's disease and patients with MM. All these subjects have been enrolled in phase I or II clinical studies and exposed to ITF2357 up to the dose of 150 mg given orally every 12 h. The most frequent adverse events observed were nonspecific gastrointestinal symptoms and, occasionally, mild thrombocytopenia. No major safety concern was reported, and toxicities resolved rapidly upon drug discontinuation. Moreover, in our experimental conditions, ITF2357 showed a high specificity for JAK2 V617F mutated cells with an IC 50 that in vivo could be achieved by as low as 50 mg of this drug given orally. Such a low dose could be not only effective but also very well tolerated, a crucial point given the possibly prolonged and chronic administration of the drug in PV and ET patients. A second relevant advantage of ITF2357 is the lack of any known mutagenic activity of this drug. The clinical course of PV and ET is marked by significant thrombotic complications and a variable risk to evolve into myelofibrosis and eventually to acute myeloid leukemia. Randomized clinical trials performed in the United States and Europe have shown that cytoreductive treatment of blood hyperviscosity, chemotherapy and low-dose aspirin have dramatically reduced the number of thrombotic episodes and substantially improved survival. 46 However, there is a concern that certain myelosuppressive drugs accelerate the disease progression to acute leukemia. 47, 48 The lack of mutagenic properties referred to ITF2357 may therefore represent a distinct advantage when compared to other cytotoxic drugs, which may ultimately lead to the development of secondary leukemia. Moreover, the effect on the secretion of pro-inflammatory and angiogenic cytokines may provide a further advantage to prevent the development or induce the regression of a secondary myelofibrosis. 49 A final distinct advantage of this molecule comes from the possibility to use it upon oral administration. In fact, the drug has shown a highly consistent pharmacokinetic profile across all the doses administered both to healthy volunteers and patients, characterized by a good gastrointestinal absorption following oral administration (estimated relative bioavailability around 66%). No accumulation was observed in repeat-dose studies.
Overall, the clear-cut data presented in this paper prompt us to design a new clinical pilot study to test the safety and efficacy of the HDACi ITF2357 in PV and ET patients carrying the JAK2 V617F mutation.
